Introduction
Osteoporosis is a common disease characterized by reduced bone mass and increased skeletal fragility. It is a global public health issue affecting more than 200 million people worldwide (1) . Fractures deriving from these pathological changes are the most serious aspect of osteoporosis, which causes not only debilitating pains, but also disability and early mortality. The primary pathogenic mechanism of osteoporosis is an imbalance between bone resorption and bone formation, which are mediated by osteoclasts and osteoblasts, respectively.
The key mechanism that regulates bone formation and resorption is transcellular signaling between osteoblasts and osteoclasts (2) . This signaling is mediated by RANKL, a cell surface-anchored ligand on activated osteoblasts that stimulates the differentiation of osteoclast precursors, and RANK, the RANKL receptor expressed on osteoclast precursor cells. Additionally, the action of RANKL is negatively regulated by osteoprotegerin (OPG), a decoy receptor expressed by osteoblasts. To maintain bone mass under the physiological range, bone formation and resorption needs to be tightly coupled both in time and space (3) . The molecular mechanisms underlying such tight functional coupling, however, have not been completely understood.
Heparan sulfate (HS) is a sulfated linear polysaccharide with a backbone of alternating N-acetylglucosamine and glucuronic acid residues, which is covalently bound to various core proteins to form HS proteoglycans. HS binds various morphogens and growth factors and modulates the activity of these factors. Essentially all key morphogens involved in endochondral ossification, namely BMPs, FGFs, Wnts, and IHH, interact with HS. Functional significance of these interactions has been demonstrated by genetic ablation of the key HS synthetic enzymes in mice. For example, conditional ablation of the Ext1 gene, which encodes a glycosyltransferase essential for the chain elongation step of HS biosynthesis, in the developing limb mesenchyme leads to severe defects in endochondral ossification (4) . Moreover, it is clear that HS is relevant to normal skeletal development in humans, as heterozygous mutations of EXT genes cause multiple hereditary exostoses (MHE), one of the most common genetic bone dysplasia syndromes (5) .
Bone remodeling is a highly coordinated process involving bone formation and resorption, and imbalance of this process results in osteoporosis. It has long been recognized that long-term heparin therapy often causes osteoporosis, suggesting that heparan sulfate (HS), the physiological counterpart of heparin, is somehow involved in bone mass regulation. The role of endogenous HS in adult bone, however, remains unclear. To determine the role of HS in bone homeostasis, we conditionally ablated Ext1, which encodes an essential glycosyltransferase for HS biosynthesis, in osteoblasts. Resultant conditional mutant mice developed severe osteopenia. Surprisingly, this phenotype is not due to impairment in bone formation but to enhancement of bone resorption. We show that osteoprotegerin (OPG), which is known as a soluble decoy receptor for RANKL, needs to be associated with the osteoblast surface in order to efficiently inhibit RANKL/RANK signaling and that HS serves as a cell surface binding partner for OPG in this context. We also show that bone mineral density is reduced in patients with multiple hereditary exostoses, a genetic bone disorder caused by heterozygous mutations of Ext1, suggesting that the mechanism revealed in this study may be relevant to low bone mass conditions in humans.
In contrast to the well-established roles of HS in the developmental aspects of the skeletal system, much less is known about whether HS has physiological functions in the adult skeletal system. The possible role of HS in bone mass regulation has been speculated for some time. For example, the frequent association of osteoporosis with the low-molecular-weight heparin therapy for venous thromboembolism (6) (7) (8) has been thought to reflect the physiological function of HS in bone mass regulation. Yet, how endogenous HS acts in bone homeostasis remains elusive because of the lack of appropriate genetic models to address the issue. Against this background, the present study aimed at providing genetic evidence for the physiological significance of endogenous HS in bone mass regulation. We show that removal of HS from osteoblasts leads to severe osteopenia, confirming the physiological significance of HS in the regulation of bone mass. Surprisingly, this phenotype is not due to impairment in bone formation but due to enhancement in bone resorption resulting from dysfunction of OPG. We show that OPG associates with the surface of osteoblasts via interaction with HS and that, in this form, OPG efficiently inhibits RANKL/RANK signaling and osteoclastogenesis. Thus, HS is a functional component of the RANKL/RANK/OPG axis, as it is involved in osteoblast-osteoclast crosstalk. Finally, we show that bone mineral density (BMD) is reduced in patients with MHE, suggesting that the mechanism revealed in this study is relevant to low bone mass conditions in humans.
Results
Osteoblast-targeted Ext1-knockout mice develop osteopenia. To direct Ext1 ablation to osteoblasts, we employed an osteocalcin-Cre (Oc-Cre) transgene (9) . This Cre transgene has been used in a number of studies to interrogate gene function in osteoblasts, and its recombination pattern has been characterized in detail (10) (11) (12) (13) . Oc-Cre;Ext1 flox/flox mice were born and grew without gross morphological abnormalities (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.89624DS1). PCR analysis of DNA samples from Oc-Cre;Ext1 flox/flox mice showed that Ext1 ablation occurred in a pattern similar to that of previous reports (Supplemental Figure 1B) .
It was noticed that bones of Oc-Cre;Ext1 flox/flox mice were brittle. Radiographic examination revealed that bones of Oc-Cre;Ext1 flox/flox mice are more translucent than those of WT control mice ( Figure 1A ). Von Kossa staining of vertebrae showed a marked decrease in bone volume in Oc-Cre;Ext1 flox/flox mice at as early as 5 weeks of age ( Figure 1B ). The decrease was even greater in 3-and 6-month-old animals. Histomorphometric parameters of bone volume (percentage of bone in total measurement area, trabecular number, and trabecular separation) confirmed a significant decrease in bone mass in Oc-Cre;Ext1 flox/flox mice compared with WT mice ( Figure 1C ). The low bone mass phenotype was not limited to vertebrae. Femurs of Oc-Cre;Ext1 flox/flox mice also showed a significant decrease in bone volume at as early as 5 weeks of age (Supplemental Figure 2, A and B) . While the growth plate of these bones exhibited progressive disorganization in older mutant mice (Supplemental Figure 2A) , there were no discernible changes in growth plate morphology at 5 weeks of age, when the low bone mass phenotype was already apparent (Supplemental Figure 2 , A and B, 5 weeks), suggesting that the disorganization of the growth plate is a secondary consequence of trabecular bone loss underneath the growth plate. In addition to these phenotypes, Oc-Cre;Ext1 flox/flox mice exhibited a few morphological abnormalities, namely a thickening of the metaphysis and a collapse of the secondary ossification center (Supplemental Figure 2A) .
Osteoblast development and bone formation are unaffected in Oc-Cre;Ext1 flox/flox mice and Ext1-null osteoblasts. Since Ext1 ablation was targeted to osteoblasts in Oc-Cre;Ext1 flox/flox mice, we first examined histomorphometric parameters for osteoblasts. Surprisingly, there were no differences in these parameters; the density of osteoblasts was not different between Oc-Cre;Ext1 flox/flox and WT mice ( Figure 2A ). Furthermore, there was no difference in the dynamic bone formation rate, as measured by the calcein double-labeling assay ( Figure 2B ). Consistent with these results, cultured Ext1-null osteoblasts exhibited normal levels of mineralization upon induction with β-glycerophosphate and ascorbic acid ( Figure 2C ). Together, these results indicate that the loss of HS expression does not have adverse cell autonomous effects on the development and osteogenic function of osteoblasts.
Osteoclastogenesis Osteoblasts play a key role in the regulation of osteoclastogenesis by their crosstalk with osteoclasts (14) . The above results suggest that reduction in HS expression in osteoblasts disrupts osteoblast-osteoclast crosstalk. To test this possibility, we employed the osteoblast-bone marrow macrophage (osteoblast-BMM) coculture system (15) . Ext1-null and control osteoblasts were prepared by infecting Ext1 flox/flox osteoblasts with either Cre-expressing adenovirus or GFP-expressing adenovirus and coculturing them with BMMs isolated from WT mice. The number of TRAP-positive cells was increased in cocultures with Ext1-null osteoblasts compared with cocultures with WT osteoblasts ( Figure 3D ). It was also noted that osteoclasts begin to emerge much earlier in cocultures with Ext1-null osteoblasts than in those with WT osteoblasts (~4 days in Ext1-null cocultures versus ~7 days in WT cocultures), suggesting that loss of HS expression accelerates osteoclastogenesis. Furthermore, the frequency of multinucleated mature osteoclasts was greatly increased in cocultures with Ext1-null osteoblasts ( Figure 3E ). These results indicate that HS expressed in osteoblasts has cell nonautonomous effects on the osteoclastic differentiation of BMMs.
Loss of HS expression ablates cell surface binding of OPG and impairs its osteoclastogenesis-inhibitory activity. Osteoclastogenesis is regulated primarily by transcellular signaling mediated by RANK expressed in osteoclast precursors and its membrane-bound ligand RANKL in osteoblasts. RANKL/RANK signaling is negatively regulated by the decoy receptor OPG expressed in osteoblasts (16) . We surmise that there are two possible mechanisms by which loss of HS expression in osteoblasts leads to the enhancement of osteoclastogenesis. The first possibility is that loss of HS expression in osteoblasts downregulates OPG expression. Since Wnt proteins bind HS (17) and Wnt signaling is the key pathway that induces OPG expression (15, 18) , loss of HS expression may lead to enhanced osteoclastogenesis via downregulation of OPG expression. The second possibility is that HS directly regulates the function of OPG. Since OPG binds heparin, it can associate with cell surface HS (19) (20) (21) . It is thus conceivable that OPG may physiologically act on RANKL/ RANK signaling as a cell surface-associated molecule and that the loss of HS may render OPG nonfunctional. We tested these two possibilities.
As for the first possibility, we analyzed the level of Opg expression in osteoblasts in which Ext1 is ablated by Cre-expressing adenovirus. It has been reported that a 50% reduction in Opg expression in Opg Figure 3C ). Together, these observations indicate that the first possibility is unlikely.
To test the second possibility, we performed a series of biochemical and cell biological analyses. We first sought to confirm the interaction between OPG and HS and to determine the HS-binding site in OPG. Previous studies have demonstrated that the RANKL-binding site in OPG is located in the N-terminal half of the molecule that is composed of 4 cysteine-rich domains (23) , while the heparin-binding site is located in the C-terminal side (20) (Figure 4A ). It has also been shown that the RANKL-and heparin-binding activities of OPG are independent of each other -truncated OPG mutants lacking the C-terminal side (and heparin-binding activity) can bind RANKL and inhibit osteoclastogenesis as efficiently as the full-length OPG (OPG-WT) (20) . We identified 3 conspicuous basic amino acid clusters, which can potentially serve as HS-binding sites, in the C-terminal side of OPG (namely, 239 RIKRR, 314 RTRKTCK, and 366 RKTMR, referred to as C1, C2, and C3, respectively; Figure  4A ). We generated 3 recombinant OPG variants, in which basic amino acids in each of the clusters are mutagenized to neutral amino acids (referred to as OPG-C1, OPG-C2, and OPG-C3; see Methods for amino acid substitutions). These recombinant OPGs were tested for HS binding using heparin-agarose ( Figure 4B ). OPG-WT was bound by heparin-agarose and eluted with 0.4-0.8 M NaCl. OPG-C1 and OPG-C2 showed similar binding. In contrast, OPG-C3 did not bind heparin-agarose at all, indicating that the third cluster is critical for heparin/HS binding.
Using WT CHO cells (CHO-K1) and their HS-deficient variants (pgs-D677), we examined whether OPG associates with the cell surface via interaction with HS. OPG-WT bound to CHO-K1 cells but not to pgs-D677 cells ( Figure 4C ). OPG-C3 failed to bind both CHO-K1 and pgs-D677 cells ( Figure 4C ). The requirement of HS for cell surface association of endogenous OPG was examined using WT and Ext1-inactivated osteoblasts. As shown in Figure 4D , the level of cell-associated OPG was significantly lower in Ext1-inactivated osteoblasts compared with in WT osteoblasts. The large majority of cell-associated OPG was released by treatment with heparitinase ( Figure 4E ). To further confirm cell surface localization of endogenous OPG, primary human osteoblasts were analyzed by immunocytochemistry without cell permeabilization. As shown Figure 4F , OPG immunoreactivity was detected on the surface of osteoblasts. Treatment of cells with heparitinase prior to immunostaining eliminated OPG immunoreactivity, confirming that OPG is associated with cell surface HS. Together, these results demonstrate that OPG associates with the surface of osteoblasts via interaction with HS.
To determine the functional significance of the OPG-HS interaction, we examined whether binding to HS is functionally necessary for OPG to inhibit osteoclastogenesis. For this, we compared the osteoclastogenesis-inhibitory activity of exogenously added OPG-WT and OPG-C3 in osteoblast-BMM cocultures ( Figure 4G ). OPG-WT inhibited osteoclastogenesis in the concentration range of >1 ng/ml, and inhibition was almost complete at 100 ng/ml ( Figure 4G , circles), a result consistent with previous reports using similar assay systems (24) (25) (26) . In contrast, although nearly as inhibitory as OPG-WT at a very high concentration (300 ng/ml), OPG-C3 showed essentially no inhibitory activity at 10 ng/ml and only a small inhibitory activity at 100 ng/ml ( Figure 4G, triangles) . Since the RANKL-and heparin-binding activities of OPG are independent of each other (20, 21, 23) , this decrease in inhibitory activity is unlikely due to the lack of RANKL-binding activity of OPG-C3. Rather, these results suggest that HS binding to OPG greatly potentiates its osteoclastogenesis-inhibitory activity. Further confirming the importance of the interaction with cell surface HS, OPG-WT did not inhibit osteoclastogenesis in cocultures with Ext1-null osteoblasts at concentrations as high as 100 ng/ml ( Figure 4G, squares) .
Together, these results demonstrate that OPG binds to the osteoblastic surface via HS and that the association greatly potentiates the osteoclastogenesis-inhibitory activity of OPG.
Ext1 heterozygous genotype is associated with low bone mass both in mice and humans. Although intriguing, the osteoblastic-specific Ext1 homozygous null mutation modeled in Oc-Cre;Ext1 flox/flox mice is an artificial condition that does not exist in the general human population. On the other hand, there has been a suggestion that patients with MHE, which is caused by heterozygous mutations of EXT1 or EXT2, exhibit low bone mass (27) . Thus, to explore the relevance of the present finding to human pathological conditions, we asked whether heterozygous mutation of Ext1 is associated with low bone mass conditions. First, we examined mice carrying constitutive heterozygous Ext1 mutation (Ext1 +/-) and whether they show low bone mass. Von Kossa staining of lumbar vertebrae at 5 weeks and 3 months after birth revealed a substantial reduction in trabecular bone mass in Ext1 +/-mice compared with WT mice ( Figure  5A ). Histomorphometric parameters of bone volume confirmed a significant decrease in bone mass in Oc-Cre;Ext1 flox/flox mice compared with that in WT mice ( Figure 5B ). Note that little osteoclastogenesis-inhibitory activity is detected in the OPG-WT/Ext1-null osteoblast combination (squares) and the OPG-C3/WT osteoblast combination (triangles) at 100 ng/ml, while the OPG-WT/WT osteoblast combination shows a significant inhibitory effects in the range of 1-10 ng/ml and almost complete inhibition at 100 ng/ml (circles). Data represent the mean ± SD (number of cultures tested = 5 in C, 4 in D, and 3 in E and F). *P < 0.05, **P < 0.01, ***P < 0.001 by Student's t test (D and E); 1-way factorial ANOVA and Bonferroni's post-hoc multiple comparison test (C); and 2-way factorial ANOVA and Tukey's post-hoc multiple comparison test (F).
To further examine the significance of HS in bone mass regulation, we asked whether BMD is reduced in individuals with MHE. We determined BMD parameters in 15 Japanese MHE patients by dual-energy x-ray absorptiometry. The BMD values for these MHE patients were significantly lower than the reference values for normal Japanese populations of corresponding age and sex (28) ( Table 1 ), indicating that patients with MHE tend to have low bone mass. To put this observation in clinical perspective, we also analyzed the T-score of BMD. The T-score is the number of SD units above or below the mean BMD value for young sex-matched control subjects, and WHO defines a T-score of between -1 and -2.5 as representing osteopenia and -2.5 or lower as representing osteoporosis (29). According to this criteria, 53% (8 of 15) of MHE patients in this study are considered as having osteopenia ( Figure 6 ). Together with the observation from Ext1 heterozygous null mice, these results indicate that haploinsufficiency of Ext1, which results in an approximately 50% reduction in HS production, is relevant to moderate reduction in bone mass in vivo.
Discussion
In this paper, we show that HS plays a physiological role in bone mass regulation, acting as a component of the RANKL/RANK/OPG axis. Our data reveal that HS on the surface of osteoblasts functions as a "receptor" for OPG and that the HS-mediated association with cell surface is important for OPG to efficiently inhibit of RANKL/RANK signaling and osteoclastogenesis.
The RANKL/RANK/OPG system is the key signaling mechanism that regulates osteoclastogenesis and bone resorption (2, 30) . Among the 3 components of the system, OPG binds heparin with a physiologically relevant affinity (19) . The interaction is mediated by a cluster of basic amino acid residues located in the C-terminal region of the molecule. Both crystallography and truncation analysis indicate that this location is structurally separated from the RANKL-binding site in OPG (23) , which is present in the N-terminal half of OPG consisting of cysteine-rich domains. A previous report that truncated OPG mutants lacking the C-terminal domain can inhibit osteoclastogenesis as efficiently as the OPG-WT (20) is also consistent with this notion. Therefore, OPG that is associated with cell surface via HS can simultaneously interact with RANKL and inhibit the RANKL/RANK signaling.
While both RANK and RANKL are transmembrane proteins, OPG is a secretory protein without any membrane anchors. Accordingly, OPG has been thought to act as a soluble inhibitor to RANKL/RANK signaling (31) . The results of the present study suggest a different mode of action for OPG -that is, OPG acts primarily as a cell surface-associated protein. Without association with HS, the ability of OPG to inhibit osteoclastogenesis is greatly diminished ( Figure 4G ). In this context, it is noteworthy that OPG concentrations in human bone marrow fluid are in the range of 0.1-0.2 ng/ml (32), which is far less than the reported concentrations necessary for effective suppression of osteoclastogenesis in vitro (10-100 ng/ ml) (24) (25) (26) . Further supporting the cell surface association of OPG is the localization of OPG in bone. Nakamura et al. (33) showed by immunohistochemistry and immunoelectron microscopy that OPG is associated with bone surfaces, including the surface osteoblasts, where HS proteoglycans are also enriched (34) . It is likely that cell surface association raises OPG local concentrations to a level that efficiently counteracts RANKL/RANK signaling in vivo.
Several studies have tried to address the role of HS in bone formation and resorption. Many of these studies examined the effect of exogenously adding heparin in bone cell cultures to define the physiological function of endogenous HS in adult bone. Conclusions from these studies, however, are inconsistent; some studies conclude that the role of HS is to inhibit osteoclastogenesis, while the others suggested the opposite (35) (36) (37) (38) (39) . Such a discrepancy is most likely due to the use of exogenous soluble heparin to extrapolate to the function of endogenous HS. It has been known that heparin added to cells can have dual effects on the action of HS-binding growth factors. For example, at low concentrations exogenous heparin enhances FGF2 binding to its receptors, while it inhibits binding at high concentrations (40) . The results of the present study clearly demonstrate that the physiological role of HS in adult bone is to suppress excessive bone resorption by acting as a functional component of the RANKL/RANK/OPG system. The reported osteoclastogenesis-promoting effect of exogenous heparin (38) is likely caused by the competitive removal of OPG from the cell surface by nonphysiological levels of heparin. In a similar vein, osteoporosis seen in patients under low-molecular-weight heparin treatment is presumably caused by removal of endogenous OPG from bone surfaces.
Since HS binds and modulates the function of various growth factors and morphogens, it is possible that the mechanism revealed by this study is not the sole mechanism by which HS regulates bone mass. For example, conditional knockout in mice of FGF receptor 2 (Fgfr2), in which an impaired longitudinal bone growth is the primary phenotype, also exhibit reduced bone mass (41) . However, the reduction in bone mass in these mice is much milder than that in Opg -/-and Oc-Cre;Ext1 flox/flox mice, and, moreover, it has been shown that the phenotype is caused by defects in osteoblastogenesis and bone formation, rather than enhanced osteoclastogenesis (41) . Inactivation of IHH signaling via Gli2 knockout also causes low bone mass, but this phenotype is also mediated by decreased osteoblastogenesis (42) . In the case of BMP signaling, osteoblast-targeted ablation of type I BMP receptors (Bmpr1a, Acvr1) leads to increased bone mass (43) (44) (45) , a phenotype opposite to that of Oc-Cre;Ext1 flox/flox mice. The possibility that loss of HS suppresses Wnt signaling, thereby downregulating Opg expression, has been ruled out by the qRT-PCR results shown in Supplemental Figure 3 . Collectively, these observations suggest that the possibility that HS modulates bone mass via these non-OPG pathways seems rather remote. Although this does not rule out the possible contribution of minor, less well-characterized HS-dependent pathways, it is likely that HS is involved in bone mass regulation primarily via modulation of OPG function.
Although not specifically examined in this study, Oc-Cre;Ext1 flox/flox mice exhibited a few morphological abnormalities, namely a thickening of the metaphysis and a collapse of the secondary ossification center (Supplemental Figure 2A) . The former phenotype was preceded by the development of severe osteopenia in the surrounding area, suggesting that it may be a secondary consequence of bone loss. Meanwhile, it remains to be determined whether the latter phenotype is secondary to osteopenia or a primary developmental defect independent of osteopenia, as abnormalities in secondary ossification centers are not a common feature seen in a number of severely osteopenic mouse lines. Interestingly, a chondrocyte-targeted Ext1 knockout induced by a Col2-based Cre driver causes a delay in secondary ossification center formation (46) , suggesting that HS may be functionally involved in the development of a secondary ossification center. This chondrocyte-targeted knockout mouse model also exhibits a reduction in trabecular bone volume (46) . Considering that the Col2-Cre transgene exhibits a leaky expression in osteochondroprogenitors (47) , this phenotype may be due to Ext1 ablation in the osteoblastic lineage.
We found that BMD was reduced in patients with MHE (see Table 1 and Figure 6 ). Previously, Lemos et al. (27) reported an association between MHE and osteoporosis in an Australian kindred carrying an EXT1 splice site mutation. Our present data suggest that the low bone mass condition is not specific for this splice site mutation but more widespread among patients with MHE. In addition, these observations suggest that the mode of action of HS revealed in this study is relevant to bone mass regulation in humans. A question of a more general significance is whether impairment in HS expression underlies the pathogenesis of primary (nonsyndromic) osteoporosis. Besides overt mutations in EXT genes, factors that can potentially cause impairment in HS expression include weaker genetic variants of genes involved in biosynthesis of HS, such as those encoding HS sulfotransferases; epigenetic suppression of these genes; nutritional changes affecting the production of properly sulfated HS chains; and combinations of these factors. For instance, miR-24 is one of a few microRNAs whose expression is elevated in the bone tissue of osteoporotic patients (48) , and one of the targets of miR-24 is NDST1, which catalyzes the key sulfation step of HS biosynthesis (49) . miR-24 actually reduces HS sulfation and HS affinity to its ligands (50) . At any rate, the level of osteoblastic HS expression decreases in an age-dependent manner (51), although its mechanistic basis is unknown. Thus, it is possible that impaired HS expression plays a role in the age-dependent decrease in bone mass and osteoporosis as a susceptibility factor.
In conclusion, this study demonstrated that HS plays a physiological role in the regulation of bone mass by acting as a functional component of OPG-mediated inhibition of osteoclastogenesis. This study also revealed that OPG, which has been thought to act as a soluble decoy receptor, actually functions as a cell surface-associated molecule. Our findings may open an avenue of study toward the identification of a drug target for osteoporosis.
Methods
Conditional knockout mice. Conditional Ext1-knockout mice were generated by crossing the Ext1 flox allele (52) and Oc-Cre transgene (9); they were a gift from Thomas Clemens (Johns Hopkins University, Baltimore, Maryland, USA). Littermates that inherited the incomplete combination of the above alleles were used as WT controls. A constitutive Ext1-null allele (Ext1 -) was created by crossing Ext1 flox/flox mice with the germline deleter Meox2-Cre mice (53). Rosa26-lacZ mice (54) were obtained from The Jackson Laboratory. All experiments were performed with mice with a complete C57BL/6J background. Genotyping of the mice was performed by PCR as previously described (55) . Radiographic examination was performed on a Faxitron MX-20 DC4 (Faxitron X-Ray LLC) using an energy of 26 kV and an exposure time of 10 seconds.
Histological analysis. All histological analyses were performed on undecalcified sections. Lumbar vertebrae were harvested, immediately frozen in dry ice, and embedded in SCEM compound (Section-Lab Co.). The cut surface was covered with an adhesive film (Cryofilm type IIC9, Section-Lab Co.), and frozen sections (5 μm) were prepared on a cryostat (CM3050, Leica Microsystems) according to a method described previously (56, 57) . Femurs from 3-month-old mice were fixed in 70% ethanol and embedded in glycol methacrylate without decalcification. Histomorphometric analysis was performed by the Ito Bone Science Institute (Niigata, Japan) on serial sections as described previously (58) . Von Kossa, TRAP, and Safranin O staining were performed as described previously (15, 59). For assessment of dynamic bone formation, calcein double labeling was performed as described previously (60).
Cell culture. Cultures of primary mouse osteoblasts were prepared as described previously (61) . Briefly, calvarial bones from P3 Ext1 flox/flox mice were incubated 3 times for 10 minutes in PBS containing 4 mM EDTA. Specimens were subjected to seven 10-minute digestions with PBS containing 180 μg/ml collagenase type 2. The last 5 digests were pooled and seeded in αMEM containing 10% FCS. For the induction of mineralization, primary osteoblasts were cultured in αMEM supplemented with β-glycerophosphate (10 mM) and 50 μg/ml ascorbic acid for 3 weeks (62) . To analyze calcium deposition in these cultures, standard alizarin red staining (63) was used. For culturing osteoclasts, femurs and tibiae of 5-to 8-week-old C57BL/6J mice were cut, and cells were flushed into a petri dish with αMEM containing 10% FBS, 100 U/ ml penicillin, 100 μg/ml streptomycin, and 2 mM l-glutamine. Filtered cells (100-μm sieve size) were centrifuged after a red blood cell lysis step (150 mM NH 4 Cl, 0.1 mM EDTA, 10 mM KHCO 3 , pH 7.2) and plated in cell culture dishes. After incubation for 48 hours, nonadherent cells (BMMs) were collected and induced to differentiate into osteoclasts in αMEM containing 20 ng/ml M-CSF, 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM l-glutamine for 48 hours. Osteoblast/osteoclast cocultures were prepared as described previously (64) . Briefly, primary osteoblasts were seeded in 48-well plates at a concentration of 1 × 10 5 cells/ml. After a 24-hour incubation, BMMs were seeded on primary osteoblasts at a concentration of 1 × 10 5 cells/ml and treated with 10 -8 M 1α,25(OH) 2 D 3 and 10 -6 M prostaglandin E2 for 5 days. Osteoclasts in cocultures were identified by TRAP staining. Inactivation of Ext1 in osteoblasts was achieved by infecting cells with Cre-expressing adenovirus. Adenovirus containing a Cre expression cassette (Ad-Cre) and adenovirus containing a control insert (Ad-GFP) were generated by using the pAd/CMV/V5-DEST Gateway Vector Kit (ThermoFisher Scientific), and viral particles were produced and concentrated in the Viral Core Facility at Sanford Burnham Prebys Medical Discovery Institute. For transduction, 3 × 10 5 primary osteoblasts in a 6-well plate were infected with Ad-Cre or Ad-GFP particles at a multiplicity of infection of 10. After 24 hours, cells were fed with fresh medium and cultured for another 24 hours before being used for experiments. The HS-deficient CHO subline pgs-D677 (65) and the parental CHO-K1 cells were cultured as described previously (66) . Primary human osteoblasts isolated from the distal femur (CC-2538, lot 419229) were purchased from Lonza. Digestion of cell surface HS was performed by incubating live cells with 5 mIU/ml heparitinase (heparinase III) (MilliporeSigma, H8891) for 2 hours at 37°C.
Quantitative PCR. Total RNA was extracted from cultured cells using the RNeasy kit with DNAse (Qiagen). To isolate total RNA from bone homogenates, femurs were harvested from 5-week-old mice. After flushing the bone marrow with PBS and scraping off the periosteum with a scalpel, bones were cut into small pieces, frozen in liquid nitrogen, and pulverized using a tissue homogenizer in Trizol reagent (67) . Total RNA was isolated from bone homogenates with the RNeasy kit with DNAse (Qiagen). cDNA was synthesized using SuperScript VILO Master Mix (Invitrogen), and qRT-PCR was performed by using the TaqMan Gene Expression Master Mix (Applied Biosciences). Gene-specific primer pairs and TaqMan probes were purchased from Applied Biosystems. All values were normalized to Gapdh levels, and qRT-PCR data were expressed as fold increases compared with controls.
Biochemical methods. Concentrations of OPG protein in culture supernatants were measured using an ELISA kit from R&D Systems. DPD in urine was measured using the MicroVue DPD enzyme immunoassay kit (Quidel), and results were normalized by the level of creatinine in the same urine sample measured with a colorimetric assay kit (Cayman Chemical).
Recombinant proteins. Full-length mouse Opg cDNA was amplified by RT-PCR and ligated to pcDNA3 (ThermoFisher) containing a FLAG peptide sequence downstream of multiple cloning sites for C-terminal fusion. Three mutants of OPG, in which the basic amino acid residues in the putative HS-binding sites were mutagenized (OPG-C1, OPG-C2, OPG-C3; see Figure 4A RKTMR→SNTMS. FLAG-tagged OPG proteins were produced by transfecting these expression vectors into 293T cells. After transfection, cells were cultured for 3 days, and then the culture supernatants were harvested. The concentrations of recombinant OPGs in the culture supernatants were determined by ELISA.
Analysis of OPG binding to heparin-agarose and cell surface HS.
To analyze binding of OPGs to heparin, the 293T culture supernatants containing FLAG-tagged OPGs were applied to heparin-agarose (Amersham) and fractionated as described previously (66) . To analyze the association of endogenous OPG with osteoblasts, primary osteoblasts were seeded in 48-well plates at a concentration of 1 × 10 5 cells/well. After 72 hours of incubation in αMEM, cell surface-associated OPG was released with 200 μl cold 1 M NaCl for 5 minutes (68). After salt extraction, the cell layer was extracted with 1% Triton X-100 in PBS to determine the level of total protein in cells. To analyze binding of recombinant OPGs to WT and HS-deficient CHO cells, CHO-K1 and pgs-D677 cells were cultured in a 48-well plate. When cultures become confluent, culture supernatants containing 5 ng/ml OPG-WT or OPG-μC3 were added to the cells. After a 30-minute incubation at 4°C, OPGs in the cell-associated fraction was collected and quantified as described above. For immunocytochemical detection of endogenous OPG on the surface of human osteoblasts, cells were cultured on collagen-coated coverslips in αMEM containing 10% FBS. Prior to fixation, cells were incubated with 1 μM SiR-actin (Spirochrome, catalog no. CY-SC001) for 2 hours to label F-actin and then treated with or without heparitinase as described above. Cells were fixed with 4% paraformaldehyde/4% sucrose in PBS. Localization of endogenous OPG was examined by staining with a mouse monoclonal anti-OPG (clone 98A1071, Novus Biologicals, NB100-56505) and an Alexa Fluor 488-conjugated anti-mouse IgG (Jackson Immuno Research, catalog no. 715-545-151) without permeabilization. Stained cells were examined on a Zeiss LSM710 laser point scanning confocal microscope. BMD measurement. All the MHE patients included in this study were Japanese and from unrelated families. They were diagnosed as having MHE and followed up at the Department of Orthopedic Surgery in the Gifu University Hospital. Information, such as age, ethnicity, menstrual status, medication history, and disease history, was obtained via questionnaire. The mean age was 38.50 ± 1.79 years (range, 29-43 years; n = 8) for male and 34.29 ± 1.94 years (range: 29-43 years; n = 7) for female subjects. None of the female subjects were postmenopausal at the time of BMD measurement. The femoral neck was examined using a dual-energy x-ray absorptiometry unit (Lunar DPX-NT, GE Healthcare). BMD and T-score were obtained from the measurements using the manufacturer's software (enCORE, GE Healthcare). BMD data were compared with the reference values for normal Japanese populations of corresponding age and sex published by the Japanese Society for Bone and Mineral Research (28) . The enCORE reference database was used to determine the T-score for the femoral neck. Osteopenia and osteoporosis were defined according to WHO criteria (29).
Statistics. Statistical significance was determined by following tests. Unpaired 2-tailed Student's t test was performed for histomorphometric analysis in lumbar vertebrae (Figure 1 ), in femurs (Supplemental Figure  2B) , and of osteoblasts ( Figure 2A) ; analysis of bone formation by calcein double labeling ( Figure 2B) ; in vitro mineralization ( Figure 2C ); histomorphometric analysis of osteoclasts ( Figure 3B) ; urinary excretion of DPD ( Figure 3C) ; analysis of osteoclastogenesis in cocultures ( Figure 3E) ; association of endogenous OPG with primary osteoblasts ( Figure 4D) ; analysis of the effect of heparitinase treatment on association of endogenous OPG with primary osteoblasts ( Figure 4E ); histomorphometric analysis of lumber vertebrae in WT and Ext1 heterozygous mice ( Figure 5B) ; and analysis of body weight of WT and Ext1 CKO mice (Supplemental Figure 1A) . Unpaired 2-tailed Student's t test with Welch's correction was used for BMD of MHE patients (Table 1) . For data regarding OPG binding to CHO cell lines ( Figure 4C ), 1-way factorial ANOVA and Bonferroni's post-hoc multiple comparison test were used. For data regarding osteoclastogenesis-inhibitory activity of OPGs in osteoblast-BMM cocultures ( Figure 4G ), 2-way factorial ANOVA and Tukey's post-hoc multiple comparison test were used. A P value less than 0.05 was considered significant.
Study approval. All protocols for animal experiments were approved by the IACUC of the Sanford Burnham Prebys Medical Discovery Institute in accordance with NIH guidelines. All work with human clinical specimens was approved by the Medical Ethics Committees of Gifu University. Written informed consent was obtained from all patients prior to their inclusion in the study.
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